Introduction
In January 2013, south-eastern Africa was affected by widespread very heavy rains that caused floods in many places with devastating impacts. Some stations in southern Mozambique recorded daily rainfall totals above 200 mm. Figure 1a shows daily rainfall in January for stations located in southern Mozambique and the Limpopo River basin while Fig. 1b plots the total rainfall over southern Africa for the 10 day period, 11-20 January 2013. A clear band of heavy rainfall, reflecting an active South Indian Convergence Zone (SICZ) during this period, stretches from Zambia southeast towards the ocean east of South Africa. Total rainfall associated with this band during the 10 days (11-20 January 2013) was above 200 mm over southern and central Mozambique, parts of southern Zimbabwe and north-eastern South Africa.
These rains led to extreme river flows ( Fig. 2) , which resulted in severe floods in towns, farms, loss of life and destruction of economic and social infrastructure throughout the Limpopo River Basin. The town of Chockwe was completely flooded resulting in more than 40 deaths and more than 150, 000 people evacuated to temporary accommodation (National Institute of Disaster Management, 2013) . Although some early warning announcements were made with the authorities declaring an orange alert on January 12 the day after the heavy rainfall began, this alert did not prevent loss of life. The associated flooding led to nine deaths on that day and affected over 18,000 people. Shortly after the heavy rainfall period ended, the Disaster Management Council declared a red alert on January 22. By early February, the water levels at Chokwe decreased below the alert level ( Fig. 2 ) but still remained high for the rest of the month. The red alert was finally lifted on March 12 by which time at least 113 people had been killed by the floods and over 185, 000 people had been temporarily displaced.
The January 2013 floods were the second time in less than 20 years that the Limpopo River region in Mozambique has been affected by devastating floods, particularly in lowlying towns like Chockwe and Xai-Xai. The previous occasion was in 1999/2000, an active tropical cyclone season that also caused flooding in other parts of Mozambique, north-eastern South Africa and parts of Zimbabwe (Dyson and van Heerden 2001; Reason and Keibel 2004) and which led to over 800 deaths in Mozambique and massive damage to property, crops and livestock. Although the system of early warning alerts implemented after the 1999/2000 floods led to fewer deaths in the January 2013 event, such warnings are by themselves insufficient. According to the International Red Cross for East Africa, in addition to early warning systems, pre-event stockpiling of food, medicines, temporary shelter structures and other resources are also needed in flood-prone areas if future loss of life is to be avoided. Another issue is the need for better communication with dam managers upstream in South Africa and Swaziland so that sufficient notice is given of any significant discharges. Figure 1a shows that rainfall amounts in January 2013 were similar or greater than those in 2000 with a correspondingly higher peak water level at Chockwe (Fig. 2) . A water level of almost 10 m occurred at the Chockwé hydrometric station together with a rapid increase to this level soon after the heavy rains began. Since the frequency of heavy rainfall events appears to be increasing, leading to floods and high river flows above the alert level, it is important to understand the atmospheric patterns associated with these events and their potential forcing mechanisms for forecasting and mitigation purposes. Thus, the aim here was to analyse the weather patterns associated with the heavy rains and floods observed in In terms of weather patterns, tropical-temperate troughs (TTT) are recognised as the main rain-producing synoptic systems during summer over southern Africa (e.g. Harrison 1984; Washington and Todd 1999; Reason et al. 2006; Hart et al. 2010) . Other weather systems that can also lead to substantial rainfall in the region in some summers are mesoscale convective complexes Reason 2012, 2013) , tropical depressions and cyclones (Dyson and van Heerden 2001; Reason and Keibel 2004; Malherbe et al. 2012 Malherbe et al. , 2014 . Collectively, TTTs form the South Indian Convergence Zone (SICZ, Cook 2000) . The band of rains observed in the second dekad of January 2013 (Fig. 1b) suggests a strong TTT feature with intense activity over southern Mozambique. As shown below, the sea surface temperature (SST), Southern Hemisphere planetary wave pattern (wavenumber-4) and La Niña conditions observed in January 2013 were all favourable for the enhancement of the SICZ (Manhique et al. 2011 ) and hence heavy rainfall over southern Mozambique.
Data and methods
Station data (rainfall and river flow) are used here to assess the magnitude of rainfall and river flow in January 2013. The rainfall data used in this study are from stations in Mozambique and also satellite estimates provided by NOAA-CPC. To assess atmospheric (Kalnay et al. 1996) geopotential height, wind and moisture fluxes are shown. The latter provides some information concerning the likely source of moisture for the heavy rains observed. Regional SST anomalies are plotted using Reynolds OI data (Reynolds and Smith 1994) to investigate potential linkages with the moisture fluxes. In addition, the omega (pressure tendency) field at 500 hPa is used to assess whether large scale uplift was present and OLR data to give an indication of large scale convective cloud patterns.
Atmospheric circulation patterns associated with the rainfall event
The OLR anomalies for January 2013 (Fig. 3) show a region of deep convection extending from central southern Africa (eastern Angola, southern Zambia) across central and southern Mozambique towards the southwest Indian Ocean, south of Madagascar. This feature is typical of an active SICZ (Cook 2000 (Cook , 2001 and reflects the heavy rainfall pattern shown in Fig. 1b . During the second dekad of January, when the heaviest rainfall occurred, the omega anomaly at 500 hPa (Fig. 4) indicates strongly ascending motion though the mid-troposphere all along the SICZ region consistent with Fig. 1 . The strongest omega anomalies are located over southern and central Mozambique, southern Zimbabwe and north-eastern South Africa which were the areas of the Limpopo River basin that experienced the heaviest rains.
Another noteworthy feature of Fig. 4 is the strongly negative omega anomaly over eastern Angola and north-eastern Namibia, indicative of an anomalously strong and deep Angola low. The latter is a heat low that develops over this region during the austral summer and acts as the tropical source for the cloud bands or tropical-temperate troughs that bring most of the summer rainfall over subtropical southern Africa, including southern and central Mozambique (Harrison 1984; Washington and Todd 1999; Reason et al. 2006; Hart et al. 2010; Manhique et al. 2011) .
Composite anomalies of geopotential height over the southern African region for January 2013 show a low-level trough coupled with an upper-level ridge (Fig. 5a ). Together these two prevailing atmospheric features helped sustain an active SICZ with strong convection over south-eastern Africa. The upper-level ridge was particularly pronounced over southern Mozambique and parts of South Africa and Zimbabwe, helping to sustain the ongoing ascending motion through the troposphere and hence the heavy rains over large parts of the Limpopo Basin. Analyses of daily anomalies of 200 geopotential height (figures not shown) show persistent positive anomalies throughout January 2013 over most (Fig. 4) . On the hemispheric scale, the low-level trough was part of a wavenumber-4 pattern evident in the Southern Hemisphere mid-latitudes (Fig. 5b) . This type of circulation pattern has previously been shown to be associated with enhanced summer rainfall over subtropical southern Africa, including southern and central Mozambique (Hermes and Reason 2005; Manhique et al. 2011) . Figure 6 shows that there were large anticyclonic anomalies in low-level moisture flux over the South Indian Ocean east of Madagascar and over the South Atlantic west of South Africa. Further north over the tropical South Atlantic, there were westerly anomalies feeding into the stronger Angola low over north-eastern Namibia and eastern Angola. These fluxes augment the climatological westerly moisture flux from this region into the Angola low (Hansingo and Reason 2009 ). Similar to the analysis of Cook et al. (2004) for strong summer wet spells over South Africa, these westerly anomalies from the tropical South Atlantic led to enhanced convection and rainfall over southern and central Mozambique. Furthermore, the westerly anomalies extended right across southern Africa to the Mozambique Channel. As a result, they opposed the climatological low-level easterly moisture flux towards Mozambique from the South Indian Ocean and hence resulted in strong low-level convergence over south-eastern Africa. These circulation patterns are therefore all consistent with heavy rainfall over southern and central Mozambique.
The moisture flux anomalies over the South East Atlantic occurred at the same time as positive anomalies of SST in the tropical South East Atlantic (Fig. 7) . In addition to these SST anomalies, there were several other features favourable for increased rainfall over Mozambique. These are a La Nina-like pattern in the tropical Pacific and warm SST anomalies in the southern Mozambique Channel and south of Madagascar (Reason and Mulenga 1999; Reason et al. 2000; Manhique et al. 2011) . Thus, the westerly moisture fluxes emanating from the anomalously warm ocean region west of Angola (Fig. 6 ) would correspond to increased evaporation over this region and the transport of a moisture marine air mass than average towards the Angola low. Warm SST anomalies in this region, the so-called Benguela Niños have been associated with above normal rainfall over Angola and Namibia. Sometimes, the rainfall anomalies reach further east over southern Africa (e.g. Hirst and Hastenrath 1983; Rouault et al. 2003; Reason et al. 2006 ). However, no links have been show to exist as yet between SST in the northern Benguela/Angola region and rainfall variability in Mozambique. Nevertheless, the analyses of SST anomalies in this region and fluxes of moisture from the Atlantic in January 2013 suggest some connections with the rains observed during this period in southern and central Mozambique. To further explore the potential link between SST in the Angola/Benguela region and rainfall in south-eastern Africa, correlations were performed between SST averaged over a box (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) o S, 8-15 o E) off the coast of Angola/northern Namibia (Fig. 7) and gridded rainfall in Mozambique.
Correlations were positive over southern Mozambique, though not strong. In some regions, correlation coefficients of 0.3 were found (statistically significant at 95 % using a t test), which suggest some links between Benguela Niños and positive anomalies of rainfall in southern Mozambique, including the Limpopo Basin. To explore this possible link further, composite anomalies of January rainfall for twelve Benguela Niño events (1959 ( , 1963 ( , 1965 ( , 1984 ( , 1986 ( , 1995 ( , 1998 ( , 2001 ( , 2006 ( , 2011 ( -from Rouault et al. 2009 show positive anomalies over most of Mozambique as well as Zimbabwe and north-eastern South Africa (Fig. 8) , which may also be indicative of the influence of the Benguela Niños on rainfall over the Limpopo region. Support for the suggestion that warm SST anomalies off the coast of Angola may be associated with increased rainfall over Mozambique comes from numerical experiments (Hansingo and Reason 2009 ). These authors forced the UKMO HadAM3 GCM with idealised representations of warm SST anomalies off the Angolan coast during austral summer and found increased rainfall (statistically significant at 95 %) over not just Angola/Namibia but also Mozambique. The mechanism is similar to that observed during January 2013 with stronger westerly moisture fluxes feeding into the Angola low from the tropical South East Atlantic. . This product is used by a number of National Meteorological and Hydrological Meteorological Services (NMHS) in southern Africa to issue forecast and warnings of extreme weather events (www.wmo.int/pages/prog/www/swfdp). Here, we consider the performance of the guidance forecast during the extreme rains in January 2013, focusing particularly on January 21 when around 200 mm was recorded at some stations. Figure 9 shows the guidance forecast issued from 5 to 1 days before the event.
INAM started to issue warnings on the 17 January of rains likely above 50 mm, pinpointing regions likely to be affected, including those represented by the stations shown in Fig. 1a . The forecast scheme was successful in detecting the event with good lead time (4 days); however, the actual magnitude of the event was underestimated for some places (Fig. 1a) . For example, Xai-Xai received over 210 mm and Combumune over 180 mm on that day. The SWFDP for southern Africa defines extreme rainfall using a threshold of 50 mm in 6 h and 100 mm in 24 h (Wilson 2010) . However, in the 2012/2013 season, twelve events with rainfall above 100 mm in 24 h were observed in southern Mozambique, of which eight occurred in January (INAM database). This result suggests that the extreme rainfall threshold used by the SWFDP forecast guidance scheme may need to be re-visited in order to provide better early warnings. Analyses of atmospheric patterns and SST associated with the extreme rains observed in January 2013 in south-eastern Africa suggest that they were mainly associated with a combination of atmospheric systems, particularly TTTs and strong westerly moisture fluxes from the tropical South East Atlantic Ocean, where substantial positive SST anomalies (1-2°C) occurred off the Angolan/northern Namibian coast during this month. The presence of a low-level trough and upper-level ridge over southern Mozambique led to strong low-level convergence and vertical motion over this region. The low-level moisture flux, particularly from the South East Atlantic Ocean, played an important role in strengthening the Angola low source region of the TTTs, which in turn contributed to strengthen the SICZ in January. Most previous studies on rainfall variability over southeastern Africa have tended to focus on SST anomalies in the Pacific and Indian Oceans. However, the role of SST variability in the northern Benguela/Angola region on rainfall in the Limpopo region has not been much explored. The analyses provided here suggest that warm SST events off the coast of Angola may also remotely influence summer rainfall over south-eastern Africa, particularly in January, and need also to be considered when diagnosing the potential mechanisms associated with flooding in the southern and central Mozambican region and when producing forecasts. Another aspect analysed here is the performance of the guidance forecast from the southern Africa RSMC in forecasting the extreme rainfall event observed on 21 January 2013. The guidance forecast was successful in detecting the event with lead time of 4 days; however, the magnitude in some regions was much more than the forecast 50-100 mm in 24 h. With an increasing number of such extreme rainfall events (above 100 mm in 24 h) occurring in recent years over south-eastern Africa, the threshold used for southern Africa SWFDP may need to be re-visited in order to better assist the NMHS in issuing warnings of extreme rainfall. The impact of an event of over 200 mm in 24 h as happened in January 2013 is typically much more devastating than an event of 100 mm in 24 h, so there is a strong need to improve the accuracy of forecasting the likely magnitudes of these events.
